Spin-dependent electronic transport through two coupled single-level quantum dots attached to ferromagnetic leads with parallel and antiparallel magnetizations is analyzed theoretically. The intra-dot Coulomb correlation is taken into account, while the inter-dot Coulomb repulsion is omitted. Conductance and tunnel magnetoresistance associated with magnetization rotation are calculated by the nonequilibrium Green function technique. The relevant Green functions are derived by the equation of motion method in the Hartree-Fock approximation. The dot occupation numbers and the Green functions are calculated self-consistently. The interference effects in electronic transport through quantum dots are analyzed in two different configurations. It is shown that the Fano resonance in conductance can be observed even for vanishing inter-dot hopping parameter t. The interplay of the interference effects and the Coulomb interactions in quantum dots is also analyzed.
Introduction
Electronic transport through two coupled quantum dots (QDs) connected to two nonmagnetic electrodes was extensively studied in the past few years. As concerns charge transport through two quantum dots attached to magnetic leads, only a couple of papers have addressed this problem so far. Significant efforts, both theoretical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and experimental [11] [12] [13] [14] , have been undertaken recently to understand the interference effects in transport through various QD systems. These effects appear in conductance as the Fano antiresonance lines [15] . Only a few theoretical works have addressed so far the role of the signs of dot-lead non-diagonal matrix elements [16] [17] [18] . As far as we know, this issue has been considered only in the case of nonmagnetic leads, while no study has been carried out for quantum dots attached to magnetic leads.
Transport characteristics of the system are calculated using the Green function formalism. Since the systems with Coulomb interaction cannot be treated exactly, we applied the Hartree-Fock decoupling scheme to calculate the higher order Green functions from the relevant equations of motion. The average values of the occupation numbers (which enter expressions for the Green functions) have been calculated self-consistently.
The paper is organized as follows. In Sect. 2 we present the model and briefly describe the theoretical method used to calculate the transport characteristics. Numerical results on the conductance and associated tunnel magnetoresistance (TMR) are presented and discussed in Sect. 3.
Model and analytical solution
In this paper we consider two coupled single-level quantum dots. The dots are connected to ferromagnetic leads as shown schematically in Fig. 1 . For simplicity, magnetic moments of the leads are assumed to be either parallel or antiparallel. We assume that the inter-dot Coulomb interaction is negligible in comparison with the intra-dot one, and therefore has been omitted. The system can be then described by Hamiltonian of the general form
where the first term,Ĥ leads , describes the left (L) and right (R) electrodes in the non-interacting quasi-particle approximation,Ĥ leads =Ĥ L +Ĥ R , witĥ
is the creation (annihilation) operator of an electron with the wave vector k and spin σ in the lead α, whereas kασ denotes the corresponding single-particle energy.
The second term of the Hamiltonian (1) describes the two coupled quantum dots,Ĥ
whereσ ≡ −σ, n iσ = d † iσ d iσ is the particle number operator, iσ is the discrete energy level of the i-th dot, t is the inter-dot hopping parameter (assumed real and independent of the electron spin orientation), whereas U i (i = 1, 2) is the Coulomb integral for two electrons residing on the i-th dot. In a general case, the dot levels can be spin dependent.
The last term, H tunnel , of the Hamiltonian (1) describes electron tunneling between the leads and dots, and takes the form
where V α ikσ are the relevant matrix elements. Coupling of the dots to external leads can be parameterized in terms of Γ In this paper we consider two arrangements of the couplings between the dots and leads in the parallel configuration:
and
and σ =↓ (lower sign), where p is the polarization factor of the leads, Γ 0 is a constant, and β takes into account difference in the coupling of a given electrode to the two dots; (ii)
In the case (ii) the factors q L and q R take into account signs of Γ L 12σ and Γ R 12σ , so that q L /q R = ±1. Generally, one is free to choose the signs of the off-diagonal elements of both Γ
we deal with two distinct models. In the following we will refer to the first model as the plus model, for which q L /q R = 1. On the other hand, the model with q L /q R = −1 will be referred to as the minus model. One can show that both dot states in the plus model are coupled to the same effective channel, i.e. to the states c kσ+ = (c kLσ + c kRσ )/ √ 2, but they are completely decoupled from the antisymmetric
In turn, in the minus model one dot is connected to the symmetric combination (c kσ+ states) but the other is connected to the antisymmetric combination (c kσ− states). Thus, in the minus case the dots are connected to different effective channels [16] . Electric current J flowing through the system is determined by the retarded, advanced, and lesser Green functions of the dots according to the following general formula [19, 20] : 
< , and a similar one for c † kασ d iσ .
Numerical results
Let us consider first a noninteracting case, U = 0. In Fig. 2 the linear conductance is plotted as a function of the position of the average bare dot's level E = ( 1 + 2 )/2, where the dot levels have been assumed to be spin degenerate, iσ = i for σ =↑, ↓, and
To simplify notation we also introduce the quantity q = q L /q R .
From the numerical analysis follows that in order to observe the Fano line in conductance for the system shown in Fig. 1a one needs a nonzero inter-dot coupling, whereas for the structure shown in Fig. 1b the Fano effect appears in both models (q L /q R = ±1) even for vanishing inter-dot coupling parameter (t = 0), provided the dot levels are different, 1 = 2 . However, the Fano line shapes for the two models are different.
Let us now give some insight into the two models shown in Fig. 1b . One can prove that in the minus model, the density of states for each of the dots' levels is unaffected by the other level, because they are effectively decoupled as we already mentioned above. This, however, is not true for the plus model (q = 1).
Generally, the interference effects in conductance can be observed in both models, despite the fact that the dots' levels do not interfere in the case of q = −1. This appears because the transmission takes place between the left and right leads, and not between the symmetric and antisymmetric combinations of c kLσ and c kRσ . In the plus model, when one of the dots' levels ( 1 or 2 ) approaches the Fermi level of the leads, one observes a maximum in the conductance. The conductance goes to zero when the chemical potential of the leads coincides with
On the other hand, for the minus model, the conductance has maxima in the vicinity of the dot's levels, and reaches zero at − = (Γ 11σ 2 −Γ 22σ 1 )/(Γ 11σ −Γ 22σ ). When the dots' levels are close to each other, the two maxima merge into a single peak (see Fig. 2d ). For 1 = 2 one observes a dip structure, see Fig. 2f . The dip is a consequence of the destructive quantum interference of electron waves transmitted through the two levels of the double quantum dot (DQD) system, renormalized due to an effective interaction of the bare levels via the electrodes owing to nonzero off-diagonal elements of the coupling matrix [8] . It is worth noting that a similar situation also occurs in the model shown in Fig. 1a , when the dot levels are equal, 1 = 2 , inter-dot coupling parameter vanishes, t = 0, and β → 0. At least, for 1 = 2 and Γ 11σ = Γ 22σ , a complete destructive interference takes place. Ferromagnetism of the electrodes has some influence on positions of the conductance maxima for both spin orientations, but only for the minus model. In the minus model the maxima positions (Breit-Wigner and Fano) for both spin orientations are shifted away, whereas in the plus model they are unaffected. Figure 3 shows TMR in the linear response regime as a function of the position of average dot's level for both plus and minus models. When the dots' levels are well above or well below the Fermi level of the leads, the TMR tends to the Julliere value observed in planar magnetic tunnel junctions. One can see that in the minus model the TMR tends to Julliere's value faster than in the plus model. When, in turn, the dot levels cross the Fermi energy, the situation becomes more complex and TMR significantly depends on the sign of q. In the limit of U = 0, see Fig. 3 , TMR is then suppressed below the Julliere value in the minus model, whereas for the plus model this suppression occurs only in a part of this region. It is worth noting that a similar suppression of TMR was also found in single quantum dots [21] . However, the suppression of TMR in Fig. 3 is stronger than that in a single dot. Moreover, in the minus model TMR even changes sign for a certain region of the average dot's level position, while TMR in that region becomes enhanced in the plus model. Let us consider now the influence of the intra-dot Coulomb repulsion on the picture described above. This is shown in Fig. 3 for indicated value of the parameter U and for both models. As follows from the presented numerical results, the Coulomb interaction leads to splitting of the double peak structure from Fig. 2a, b . As a consequence, the four-peak structure develops now in the conductance for finite U . Particularly, the four-peak structure in the total conductance (for both spin orientations) is well resolved in the plus model (Fig. 4a) , whereas in the minus model one observes three peaks in the total and spin-up conductance, and four peaks in the spin-down conductance. This is because splitting of the resonances in the vicinity of −∆/2 in the minus model is not well resolved. It is also worth noting that in the minus model, a characteristic Coulomb gap between the "original" peaks and their Coulomb counterparts appears for a sufficiently large U . In conclusion, we have considered the interference effects in electronic transport through two quantum dots coupled to ferromagnetic leads, with two different arrangements of the couplings. We have shown that the Fano resonance may be observed even for vanishing inter-dot coupling parameter.
